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Abstract: Despite serotonin’s and FMRF-amide’s wide distribution in the nervous system of invertebrates and their importance as 
neurotransmitters, the exact roles they play in neuronal networks leaves many questions. We mapped the presence of serotonin and 
FMRF-amide-immunoreactivity in the central nervous system and eyes of the pond snail Lymnaea stagnalis and interpreted the 
results in connection with our earlier findings on the central projections of different peripheral nerves. Since the chemical nature of 
the intercellular connections in the retina of L. stagnalis is still largely unknown, we paid special attention to clarifying the role of 
serotonin and FMRF-amide in the visual system of this snail and compared our findings with those reported from other species. At 
least one serotonin- and one FMRF-amidergic fibre were labeled in each optic nerve, and since no cell bodies in the eye showed 
immunoreactivity to these neurotransmitters, we believe that efferent fibres with somata located in the central ganglia branch at the 
base of the eye and probably release SHT and FMRF-amide as neuro-hormones. Double labelling revealed retrograde transport of 
neurobiotin through the optic nerve, allowing us to conclude that the central pathways and serotonin- and FMRF-amide- 
immunoreactive cells and fibres have different locations in the CNS in L. stagnalis. The chemical nature of the fibres, which connect 


the two eyes in L. stagnalis, is neither serotoninergic nor FMRF-amidergic. 
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Mollusca have relatively high levels of serotonin, 
(SHT; Fujii & Takeda, 1988) one of the most 
quantitatively significant biogenic amines in the central 
nervous system (CNS) of L. stagnalis (Hetherington et al, 
1994). As Fujii & Takeda (1988), Hetherington et al 
(1994), and Swarowsky et al (2005) reported, the 
majority of SHT-ergic cells in the CNS of adult 
pulmonate gastropods are located in the cerebral and 
especially in the pedal ganglia. Amine-containing 
neurons in L. stagnalis were identified by several authors 
(McCaman et al, 1973; Cottrell & Bewick, 1989); the 
first systematic map for this species was prepared by 
Audesirk (1985) and then worked out in more detail by 
Hetherington et al (1994) and Hatakeyama & Ito (1999). 
Although important and well researched, the existing 
maps lack detailed information on the morphology of the 
serotoninergic pathways, particularly to the contributing 
fibres and a functional interpretation of identified 
structures. 


As a mediator, or perhaps modulator, SHT plays a 
significant role in a number of physiological and 
behavioural processes in L. stagnalis, such as the shadow 
reflex (Zhukov & Arkhipova, 2001) and its 
electrophysiological correlates (Samarova et al, 2005), 
and its feeding network (Yoshida & Kobayashi, 1994). 
Zhukov (2007) showed that serotonin is present in the 
optic nerve and the eye cup of L. stagnalis and that it 
changes the electrical responses of the eye to light in this 
snail (Zhukov et al, 2006), as it also does in Aplysia 
californica (Eskin & Maresh, 1982; Takahashi et al, 
1989). The central visual pathways and related neurons 
in L. stagnalis have already been identified and discussed 
elsewhere (Zaitzeva et al, 1982; Zhukov & Tuchina, 
2008; Tuchina et al, 2012), but the question of which 
chemical substances are involved in this mollusk’s visual 
system is still open. 

FMRF-amide-related peptides are the most 
abundant neuropeptides identified in invertebrates, along 
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with the allatostatin and tahykinin families. Schot & 
Boer (1982) demonstrated the presence of FMRF-ergic 
cells in the central nervous system of L. stagnalis, but 
their map lacked details on the distribution of the fibres. 
First identified in molluscs, FMRF-amide is a 
cardioactive neuropeptide, which increases both force 
and frequency of the heartbeat in L. stagnalis (Linacre et 
al, 1990; Lopez-Vera et al, 2008) and has even been 
called `a typical molluscan peptide’ (Roberts et al, 1989). 
In numerous molluscan species, FMRF-amide-related 
peptides are also involved in regulating gut motility, 
feeding behaviour (Hernádi et al, 1998) and reproduction 
(Lehman & Price, 1987). FMRF-amide related peptides 
are also known to be present in the optic nerve and the 
eye of the snails Bulla gouldiana and A. californica 
(Jacklet et al, 1987; Roberts & Moore, 1987; Colwell et 
al, 1992), modulating the effects of light and serotonin 
on the function of the circadian oscillator in the eye of 
Aplysia (Colwell, 1990). Stimulation of the isolated 
retina from the eyes of the cephalopod Octopus vulgaris 
demonstrated that FMRF-amide, coupled with dopamine, 
induces an extreme light adaptation of the retina when 
exposed to illumination (Chin et al, 1994; Di Cosmo & 
Di Cristo, 1998). 

In order to investigate the neurotransmitters in the 
CNS, eye and optic nerve of L. stagnalis and to examine 
their relationships with identified central visual pathways 
(as well as central projections of pallial and some 
intestinal nerves) in this snail, the present work was 
carried out. 


MATERIALS AND METHODS 


Specimens 

Adult specimens of L. stagnalis (n=20) were 
collected during the autumn 2009-spring 2010 period 
from ponds around Bremen, Germany, kept in aquaria at 
room temperature under 12L:12D conditions and fed 
with cabbage or dandelion leaves twice a week. For the 
experiments snails were dissected under a binocular 
microscope (Zeiss Stemi DV4, Göttingen, Germany). 


Backfilling 

The brain, or isolated eye with an optic nerve in 
case of backfilling of the eye, was removed and 
transferred to a paraffin-filled Petri dish with phosphate- 
buffered saline (0.1 M PBS, pH 7.4). All of peripheral 
nerves except for the optic nerve were then cut close to 
the corresponding ganglia to avoid penetration of the 
labelling solution. The cut end of the optic nerve was 
placed in a tight vaseline pool, filled with distilled water, 
and exposed for approx. | min. The water was then 
replaced with labelling solution of 10% Neurobiotin 
(Sigma-Aldrich Inc., St.-Louis, MO), and samples were 
put in a fridge at 4 °C for exposition of the dye. After 
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24—48 h of exposure to neurobiotin, the samples were 
fixed in 4% freshly prepared paraformaldehyde (PFA) in 
PBS (3 h at room temperature or overnight at 4 °C), then 
washed at least 5 times in PBS (all further steps at 4 °C, 
on a shaker) and finally cleaned with forceps. Next, the 
brain samples were put in a blocking solution, containing 
3% albumin fraction V (BSA) and 0.05% Triton X (TrX) 
in PBS for approx. 12 h; they were then washed several 
times in cold 0.1% BSA with 0.05% TrX in PBS and 
exposed to an antibody solution (Streptavidin-FITC or — 
Cy3 (Sigma-Aldrich), diluted at 1:1 000 in solution of 
0.1% BSA and 0.05% TrX in PBS) for approx. 12 h. The 
samples underwent a wash in cold PBS buffer, were 
dehydrated in a graded series of ethanol (50, 70, 90, 
2x100%, 10 min each), methylsalicilated for 2-3 min 
and finally embedded in Permount. 

Whole mount samples were observed under the 
Zeiss LSM 510 META confocal microscope (Carl Zeiss, 
Jena, Germany), using LSM Image Browser and 
appropriate Zeiss software to make a series of confocal 
sections. The dichroic mirror type HFT 488/543, and 
emission filters LP 560 for Cy3 and BP 505-530 for 
FITC were used. The results obtained were processed 
using Adobe Photoshop CS (Adobe System Incorporated, 
San Jose, California, USA). In some experiments, to 
stain the nuclei of the cells, co-double labelling with 
neurobiotin and propidium iodide (Sigma-Aldrich) was 
carried out. In this case, some crystals of propidium 
iodide were added to PBS during the last washing, i.e. 
after application of secondary antibodies and before 
dehydration in ethanol. In experiments where neurobiotin 
backfilling was combined with immunocytochemical 
stainings in order to reveal neurotransmitters, the 
procedure for developing the neurobiotin was the same 
as described above. 


Immunocytochemistry 

For identification of neurotransmitters, the eyes and 
the brain with its optic nerves were removed and then 
fixed in 10% freshly made PFA in PBS (pH 7.4) at 4 °C 
overnight or for 2-3 h at room temperature. When the 
immunocytochemistry procedure was combined with the 
retrograde transport of neurobiotin through the optic 
nerve, backfilling with neurobiotin was carried out 
before the fixation. Following fixation, all further steps 
took place on a shaker at 4 °C. The samples were washed 
in PBS, 5 times for 10 min and incubated in 3% BSA 
overnight as it is described above for neurobiotin; they 
were then washed in 0.1% BSA with 0.05% TrX in PBS 
and exposed for 2-3 d to primary antibody solution: i.e., 
polyclonal rabbit anti-serotonin (Sigma Aldrich Inc., 
dilution 1:400) or rabbit anti-FMRF-amide (ImmunoStar, 
Mudson, WI, USA, dilution 1:400). After that, the 
samples were again washed in 0.1% BSA with 0.05% 
TrX in PBS and put overnight into secondary antibody 
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solution: i.e., goat anti-rabbit antibodies-FITC conjugate 
(Sigma Aldrich Inc., dilution 1:1 000). The whole mount 
samples were then washed in PBS buffer, dehydrated in a 
graded series of ethanol (50, 70, 90, 2x100%, 10 min 
each) and methylsalicilated for 2-3 min, embedded in 
Permount and finally observed under a Zeiss LSM 510 
META confocal microscope (Carl Zeiss, Jena, Germany). 

In connection with frozen sections, right after the 
exposure to the secondary antibody the samples were 
washed in PBS buffer, transferred to the molds, filled 
with freezing medium (Jung, Leica Microsystems, 
Nussloch, Germany), then frozen in liquid nitrogen for 
several minutes and cut with a Leica CM 1900 
microtome (Leica Microsystems, Nussloch, Germany). 
The section thickness was 60 um. The sections were air- 
dried on microscope slides for 20-30 min, washed with 
PBS, dehydrated in a graded series of ethanol (50, 70, 90, 
2x100%, 2 min each), methylsalicilated for 2 min, 
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embedded in Permount and finally observed under the 
confocal microscope. 


RESULTS 


Serotonin-immunoreactivity 

One, and in some samples two, serotoninergic fibres 
were found in the optic nerve of L. stagnalis (Figure 1A). 
When a fibrer eaches the eye cup, it forms numerous 
arborizations with many small varicosities (Figure 1B, 
C). Most of the arborizations do not penetrate through 
the basal lamina into the retina, but branch out around 
the eye. This structure can clearly be seen after double- 
staining with propidium iodide (Figure 1D), but at least 
one process does enter the photoreceptor layer of the 
retina to form varicosities there (Figure 1C). No 
serotoninergic cell bodies were mapped either in the eye 
cup or in the optic nerve. 


Figure 1 Distribution of SHT-ergic fibres in the optic nerve (A, B) and the eye (B-D) of L. stagnalis 


A) Serotoninergic fibres, labeled in the nerves of TOLm-complex, arrow marks the place, from where all three nerves pass under the common sheath and enter 


the CNS; B) optic nerve with stained fibre and abundant arborizations with varicosities in the eye; C) distribution of serotoninergic fibres in the eye cup, arrows 


mark some of varicosities, note 5-HT-ergic fibre, entering the nuclear layer of the retina (marked with arrow); D) co-labelling with 5-HT-antibodies (green) and 


propidium iodide (red), arrows mark 5-HT-ergic varicosities. D - frozen section, thickness of the section - 60 um. Abbreviations: no - n. opticus, nt - n. 


tentacularis, nlm - n. labialis minor, L - crystalline lens, V - vitreous body, P - pigment layer and NI - nuclear layer of the retina, Bl - basal lamina. Scale bar=50 


um on A and B, 20 um on C and 10 um on D. 
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A serotoninergic fibre labeled in the optic nerve 
goes to the neuropil of the ipsilateral cerebral ganglion 
(Figure 2B), but we were not able to follow it and 
identify its cell body. Many serotoninergic neuronal 
bodies and fibres were stained in the cerebral ganglia and 
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cerebral commissure (Figure 2A-C). There were the 
well-known cerebral giant cells (CGCs) with cell body 
diameters of no less than 75 um, located symmetrically 
in the mesocerebra of both cerebral ganglia and sending 
axons through the cerebro-buccal connectives to the 
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Figure 2 Distribution of 5-HT-ergic neurons and fibres in the CNS of L. stagnalis 


A) whole mount sample of the right cerebral ganglia with labeled serotoninergic giant cerebral cell (CGC) and group of cells near the cerebral commissure, B) 


frozen section of the left cerebral ganglion; abundant arborizations of the axons are clearly seen, C) serotoninergic fibres in the cerebral commissure, D and E 


— labeled neurons and fibres in the right parietal and visceral ganglia (ventral side). F - frozen section of the right parietal and visceral ganglia; serotoninergic 


fibres form a lot of arborizations and go into peripheral nerves. Abbreviations: CC - cerebral commissure, RCG and LCG - right and left cerebral ganglia, Ms - 


mesocerebrum, cplc - cerebro-pleural, cbe - cerebro-buccal and cpec - cerebro-pedal connectives, LPaG and RPaG - left and right parietal ganglia, VG - visceral 
ganglion, nt - n. tentacularis, no - n. opticus, nfls - n. frontolabialis, np - n. penis, nps - n. pallialis sinister, pnde - pallialis dexter externus, npdi - pallialis 


dexter internus, ncp - n. cutaneus pallialis, ni - n. intestinalis, na - n. analis, ng - n. genitalis. Thickness of the sections - 60 um. Scale bar=50 um on A, B, C, E, 


F and 20 um on D. 
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ipsilateral buccal ganglia. These axons split into several 
branches in the cerebro-buccal connectives, reaching the 
buccal ganglia and sending processes to all of the buccal 
nerves. 

Close to the cerebral commissure, two symmetrically 
located groups of neurons were mapped in the middle of 





the cerebral ganglia (Figure 2A, 3A). Each group 
consisted of approximately 15 neurons, with cell body 
diameters of around 10 um. Some of these neurons were 
sending axons to the cerebral commissure and likely 
contacted the symmetrically located group of cells in the 
contralateral cerebral ganglion. Others of these neurons 
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Figure 3 Double staining with 5-HT-antibodies (green) and neurobiotin, backfilled through the optic nerve, (red) in the 


nervous system of L. stagnalis 


A) right cerebral ganglion with optical neuropil, labeled with neurobiotin through the right optic nerve, arrow marks the fibrefrom the optical neuropil to the 
contralateral cerebral ganglion, B) optical neuropil, stained in the left cerebral ganglion through the left optic nerve, arrow marks the 5-HT-ergic fibre, C) plexus 
of 5-HT-ergic and neurobiotin-filled fibres in the right ipsilateral (to the side of backfilling) ganglion, D) stained fibres in the contralateral (to the side of 
backfilling) cerebral ganglion, E) plexus of fibres in the contralateral cerebral ganglion, F - optic nerve with two labeled fibres (marked with arrows): 5-HT- 
ergic (yellow colour of the fibreis due to the superposition of colours, namely red and green) and projection from the contralateral eye (red). Abbreviations: see 


Figure 2. Scale bar=50 um on A, 20 um on B, D and F, and 10 um on C and E. 
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Figure 4 Distribution of FMRF-amidergic neurons and fibres in the eye, optic nerve and CNS of L. stagnalis 
A) fibres, labeled in the optic and small labial nerves, B and C) co-staining of the eye cup with FMRF-amide-antibodies (green) and propidium iodide (red), D) 
neurons, stained in the right cerebral ganglion, E) in the right pleural and parietal ganglia, and F - in the visceral ganglion. Abbreviations: nn - n. nuchalis, nlme 
- n. labialis medium, for other abbreviations see Figure! and 2. Scale bar=20 um on A and C, 10 um on B and 50 um on D, E and F. 


distributed axons through the cerebro-pedal connective 
to the ipsilateral pedal ganglion, others through the 
cerebro-pleural connective to the corresponding ganglion, 
and some, probably, to the cerebral nerves. 
Serotoninergic fibres were found in all cerebral nerves, 
including the nerves of TOLm-complex (n. tentacularis, 
n. opticus and n. labialis minor). Several small cells were 
also labeled in the cerebral ganglia, measuring no less 


Zoological Research 


than 7—15 um in diameter and not forming any clusters. 
Transit serotoninergic fibres with bulges and large 
varicosities and several small neurons were stained in the 
pleural ganglia. We can divide these transit fibres into 
several kinds: a) on each side of the circumesophagal 
ring there are two fibres, coming from the central 
neuropil of the cerebral ganglia; they bifurcate in the 
ipsilateral pleural ganglion and send one branch to the 
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ipsilateral pedal and one branch further to the ipsilateral 
parietal ganglion; these fibres form big bulges in the 
pleural neuropil; b) there are some fibres, which seem to 
follow the same way, but they are at least half the size of 
the former, and it is hard to distinguish their exact 
topography and direction; c) some transit fibres, which 
were labeled on their way from parietal to ipsilateral 
pedal ganglia, do not send branches to the cerebral 
ganglia, at least not from the pleural ganglia; d) some 
fibres, coming from the cerebral ganglia, go to the 
ipsilateral pedal ganglion, but also do not spread 
processes further to the parietal ganglion; e) some thin 
fibres, coming from the parietal ganglia, bifurcate and 
send one branch to the ipsilateral pedal ganglion and 
another to the ipsilateral cerebral ganglion (Figure 5). 

In the right parietal ganglion, a group of neurons 
with cell body diameters no less than 25 um was labeled 
on the ventral surface close to the parieto-visceral 
connective. One or two small cells with diameters of 
12.5 and 20 um near the input of the n. pallialis dexter 
were sending their processes to this nerve. In the left 
parietal ganglion, only transit fibres and projections to 
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pallial nerves were mapped (Figure 2D). The main part 
of these projections is seen to come from the visceral 
ganglion, most likely from the labeled group of neurons 
there. 

Many serotoninergic cells were found in the pedal 
ganglia. These cells send their processes to the pedal 
nerves, and at least two big clusters of cells with 
diameters of cell mbodies of 10-15 um were stained as 
well. Near the inputs of the pedal nerves, some single 
neurons, and in some samples, groups of small neurons, 
were sending their axons to the corresponding nerves. As 
for the visceral ganglion, two clusters of neurons—one 
containing middle-sized neurons with cell body 
diameters of 25—40 um—are located in the middle of the 
ganglion, another one very close to the input of the n. 
intestinalis. The cells of the latter cluster are smaller, with 
diameters of around 10 um, and send their numerous 
processes to this nerve and probably to the n. analis (Figure 2E). 

Double staining with neurobiotin, backfilled 
through the optic nerve, and antibodies against serotonin 
showed that central visual projections and serotoninergic 
cells and fibres have a different topography. When the 





Figure.5 Schematic drawings, showing the distribution of the central visual projections, labeled with neurobiotin in L. stagnalis 
(bodies of neurons, which are located on the dorsal surface of the ganglia, are coloured red), and 5-HT-ergic (A, B) / FMRF- 


amidergic (C, D) fibres and neurons (green) 


Not all seroronin- and FMRF-amide immunoreactive fibres, which were stained, are shown on the drawings so as not to make them overly detailed. Arrows mark 
the nerve, which was subjected to backfilling. Abbreviations: RCG, LCG - right and left cerebral ganglia, CC - cerebral commissure, RBG, LBG - right and left 
buccal ganglia, RPIG, LPIG - right and left pleural ganglia, RPaG, LPaG - right and left parietal ganglia, VG - visceral ganglion, RPeG, LPeG - right and left 
pedal ganglia, cbc - cerebro-buccal connective, MB - mediodorsal bodies, nt - n. tentacularis, no - n. opticus, nlmi - n. labialis minor, nfls - n. frontolabialis, 
nlme - n. labialis medius, np - n. penis, nn - n. nuchalis, nci - n. cervicalis inferior, nc - n. colummelaris, npi - n. pedalis inferior, nps - n. pallialis sinister, pnde 
- pallialis dexter externus, npdi - pallialis dexter internus, ncp - n. cutaneus pallialis, ni - n. intestinalis, na - n. analis, ng - n. genitalis. 
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optic nerve enters the cerebral ganglion, it forms a 
special structure—namely a dense bundle of many thin 
processes—the so-called optic neuropil (Figure 3A, B). A 
plexus of processes, filled with neurobiotin through the 
ipsilateral optic nerve and those, which showed reactions 
to serotonin, can be seen in Figure 3C under higher 
magnification. From this neuropil, at least one fibre is 
sent to the contralateral ganglion through the cerebral 
commissure (this fibreis marked with an arrow in Figure 
3A) to form arborizations in the contralateral neuropil. It 
does not contain serotonin, since no reaction with antibodies 
was observed (Figure 3D, E). One serotoninergic fibre 
stained in the optic nerve (marked in Figure 3B with an 
arrow) probably belongs to some central neuron, because 
no cell bodies were mapped in the eye cup or the optic 
nerve. From the optic neuropil, at least one axon goes to 
the contralateral optic nerve and reaches the eye cup; this 
fibre likewise does not contain serotonin (Figure 3F). 
The visual pathways labeled with neurobiotin in other 
ganglia seem to be different from those that showed 
immunoreactivity to serotonin (Figure 5A, B). 


FMRF-amide-immunoreactivity 

One, or in some samples two, FMRF-amidergic 
fibres were stained in the optic nerve (Figure 4A) and 
many exhibited extensive branches with varicosities in 
the eye cup as well (Figure 4B, C). Double staining with 
propidium iodide and antibodies against FMRF-amide 
showed that some FMRF-amidergic branches penetrated 
the retina. No FMRF-amidergic cell bodies were found 
in the optic nerve or in the eye cup. 

An FMRF-amidergic fibre stained in the optic nerve 
goes to the neuropil of the ipsilateral cerebral ganglion 
(Figure 4D). Many fibres and cells mapped in the 
cerebral ganglia and symmetrical clusters of cells were 
located in the centers of the ganglia, with cell body 
diameters of no less than 20 um. These neurons send 
axons mainly into the ipsilateral cerebral neuropil and to 
the cerebral commissure, but at least one neuron sends its 
process to the ipsilateral n. tentacularis. Labeled fibres 
were found in all cerebral nerves. Several small single 
cells with cell body diameters of around 7 um were 
labeled in the mesocerebra and in the caudal regions of 
the ganglia, the latter seemingly forming small groups 
and sending processes to the cerebro-pleural connective 
and to the cerebral commissure as well. Numerous thick 
and thin fibres were mapped in the cerebral commissure. 
One group of small cells was stained in the left cerebral 
ganglion near the cerebro-pedal connective. 

In the pleural ganglia, transit fibres and at least one 
middle-sized cell with cell body diameters of around 35 
um were stained in each ganglion. Unlike serotoninergic 
fibres, transit fibres with FMRF-amide were more 
numerous and thinner in diameter. In the right parietal 
ganglion, one cluster of middle-sized cells no less than 
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18-30 um in diameter was labeled close to the parieto- 
visceral connective, and another group of small cells 
around 5 um in diameter was present near this 
connective. Neurons from both groups probably send 
axons to the n. pallialis dexter and further to the visceral 
ganglion (Figure 4E, F). In the left parietal ganglion, 
only transit fibres and projections to the pallial nerve 
were mapped. Many transit fibres and at least one group 
of small cells around 6-8 um in diameter were labeled in 
the middle of both pedal ganglia, on their ventral 
surfaces. FMRF-amidergic fibres contribute to all of the 
pedal nerves. As for the visceral ganglion, one middle- 
sized neuron with diameter of the cell body of around 35 
um was stained in the middle of the ganglion at its dorsal 
surface, and one group of small cells with diameters of 
cell bodies of around 10 um, which were sending axons 
mainly to the parieto-visceral connective, was labeled 
near this connective. Numerous FMRF-amidergic fibres 
were found in all of the visceral nerves. 

The overall distribution of identified serotonin- and 
FMRF-amidergic neurons and fibres in L. stagnalis is 
shown in Table 1. The composition of the visual 
pathways, marked with neurobiotin through the optic 
nerves, and serotonin- and FMRF-amidergic fibres and 
neurons are in Figure 5. As we can gather from the 
schematic drawings of Figure 5C, D, central visual 
pathways and FMRF-amidergic neural elements 
obviously have different topographies. 


DISCUSSION 


Serotonin-immunoreactive cells and fibres are 
widely distributed in the CNS of L. stagnalis. First of all, 
there are two giant cells in the cerebral ganglia, 
symmetrically located in the mesocerebra and sending 
their axons to the buccal ganglia (CGCs). The CGCs 
were identified by Audesirk (1985) and Hetherington et 
al (1994) and confirmed by us; these cells are known to 
be involved in the feeding network (Yoshida & 
Kobayashi, 1994) and together with the cerebral ventral 
neuron CV1 modulate the feeding rhythm in L. stagnalis. 
Two symmetrical serotoninergic cells in the mesocerebra 
of Planorbarius corneus perform the same function 
(Yoshida & Kobayashi, 1994). Another set of 
serotoninergic neurons that do not seem to have been 
reported are the symmetrically located groups of neurons 
on the dorsal surface in the middle of the cerebral 
ganglia. This group is likely the same one we mapped 
through the n. tentacularis with neurobiotin, and, 
probably, some of its cells run through the n. pallialis 
dexter and n. intestinalis (Tuchina et al, 2012). 

In snails, serotonin is known to be involved in the 
control of different forms of motor activity (Yoshida & 
Kobayashi, 1994; Zhukov & Arkhipova, 2001). Injection 
of serotonin affects responses of Lymnaea to shadow 
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Table 1 Distribution of serotonin- and FMRF-amidergic neurons and fibres in the CNS and eye of L. stagnalis 


5-HT 


FMRF-amide 





eye 


optic nerve 


CNS: 
buccal ganglia 


cerebral 
ganglia 


cerebral 
commissure 


pleural ganglia 


parietal ganglia 


pedal ganglia 


visceral 
ganglion 


many branches with varicosities in the eye cup, at least 1 fibrepenetrates 
the nuclear layer of the retina 


one (or two) fibres 


many thick fibres, projections to buccal nerves 
CGCs in mesocerebra, sending their axons through the cerebro-buccal 
connective to the ipsilateral buccal ganglia, group of small cells on the 
dorsal surface in the middle of the ganglia, several small neurons, which 
do not form groups, in different part of the ganglia 


several thick fibres, at least four, and many small fibres in the sheath 
transit fibres with extensive varicosities and one-two small cells 


group of neurons on the ventral surface of the right parietal ganglion, 

close to the parieto-visceral connective, one or two small cells near the 

input of n. pallialis dexter, sending their processes to this nerve, in the 
left parietal ganglion only transit fibres were mapped 


many cells, sending their processes to all pedal nerves, at least two big 
clusters of neurons 


two clusters of neurons, one, containing middle-sized neurons, is located 
in the middle of the ganglion, another one very close to the input of the 
n. intestinalis; the cells of the latter cluster sending numerous processes 


many branches with varicosities in the eye cup, some 
branches penetrate the retina 


one (or two) fibres 


thin fibres, one poorly-labeled cell in each ganglion 
many thin fibres, small symmetrical clusters of cells in the 
middle of the ganglia, several small cells, which do not form 
groups, in the caudal region of ganglia and in the 
mesocerebra 


many thick and thin fibres 


transit fibres and at least one middle-sized cell in each 
ganglion 
cluster of middle-sized cells on the dorsal surface of the right 
parietal ganglion, close to the parieto-visceral connective, 
and another group of small cells near this connective; many 
stained fibres in n. pallialis dexter; only transit fibres in the 
left parietal ganglion 
many transit fibres, projections in all pedal nerves, at least 
one group of small cells in the middle of both pedal ganglia, 
on the ventral surface 


one middle-sized neuron in the middle of the ganglion, on 
the dorsal surface, one group of small cells near the parieto- 
visceral connective, projections to all visceral nerves 


to this nerve and probably n. analis 


stimuli, increasing or decreasing responses, depending 
on the dose (Zhukov & Arkhipova, 2001), which may 
indicate that serotonin serves as a modulator in the 
withdrawal reflex network. Serotonin-immunoreactive 
cells of the cerebral dorsal cluster, as well as the pedal 
clusters we identified, might be involved in this network. 
Unfortunately, we were not able to follow all the fibres 
and to identify whether some cell of the cerebral dorsal 
cluster sends its process to the optic nerve as well, but it 
is clear that no cells of this group were mapped during 
backfilling of the optic nerve with neurobiotin. 

Retrograde transport of neurobiotin through the 
optic nerve of L. stagnalis allowed us to reveal afferent 
and efferent components of the central visual pathways 
in this snail (Zhukov & Tuchina, 2008; Tuchina et al, 
2012). The optic nerve in L. stagnalis contains afferent 
fibres, which are the processes of the retinal cells as well 
as efferent axons of the central neurons. Tsubata et al 
(2003) and Sakakibara et al (2005) showed that most of 
the photoreceptors send their processes directly to the 
optic nerve (T-type), but there are some that make 
synapses only within the retina (A-type). Accordingly, it 
is evident that the afferent part of the optic nerve consists 
of processes of T-type photoreceptors which form in the 
cerebral ganglion neuropil at high density. The central 
visual pathways are extensive, since labeled neurons and 
fibres are found in all ganglia, except the buccal ones. 
We consider these central cells as efferent neurons. 

After backfilling with neurobiotin through one optic 
nerve, at least one fibre was stained in the contralateral 
one; it reaches the eye and forms arborizations in the eye 
cup. It seems clear that a group of central neurons is 
sending axons into the optic nerve, perhaps to the eye, 
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and amongst these neurons are another group of neurons 
whose processes connects both eyes. Another possible 
function of the efferent innervations of the eye may be to 
coordinate the tasks of both eyes, likely crucially 
important for the animal. We can surmise two 
possibilities for the origin of this fibre: 1) it can either be 
the process of a retinal cell, thereby connecting the two 
eyes directly to each other, or 2) it can be the process of 
some central neuron. Candidates for these central 
neurons can be the stained cells in the right parietal and 
visceral ganglia, which, so it seems, distribute axons to 
both optic nerves as demonstrated by labelling through 
right and left optic nerves. Experiments with ligatures 
have shown that fibres connecting both eyes go through 
the cerebral commissure and cerebro-pleural connective 
(Tuchina et al, 2012). Fibres in the contralateral optic 
nerve were still stained with neurobiotin, even if the 
ipsilateral cerebro-pleural connective was damaged and 
fibres in the contralateral optic nerve were not labeled in 
case the ligature was applied on the cerebral commissure 
only. Thus, we can suggest that the eyes in L. stagnalis 
are connected directly to each other by axons going only 
through the cerebral commissure. 

The question about the chemical nature of the 
intercellular connections in the retina of L. stagnalis is 
still an open one. GABA, octopamine and histamine- 
immunoreactivities were not revealed in the optic nerve 
of this mollusc (Hiripi et al, 1998; Hegediis et al, 2004). 
Serotonin-immunoreactivite fibres were found in the 
retina, but not the cell bodies. Photoreceptor cells as well 
as optic nerve fibres show glutamate-immunoreactivity 
and consequently seem to be glutamatergic (Zhukov, 
2007), although Hatakeyama et al (2007) did not find 
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glutamate in the photoreceptor cells. Pigment-dispersing- 
hormone (PDH) is apparently present in some of the 
retina, either photoreceptive or screening cells (Zhukov, 
2007). The PDH family is a set of related peptides 
common especially to arthropods (Rao et al, 1985). The 
function of the PDH in crustacea is to control the 
position of the screening pigment (Kleinholz, 1975), 
which is important in the context of adaptation; this 
could also be the case in molluscs generally and snails in 
particular, although the function of the PDH in Lymnaea 
is still unknown. Glutamate-immunoreactivity was 
revealed in many retinal cells, i.e., the likely 
photoreceptors, which were also backfilled with 
neurobiotin, but also in other cells like those of the optic 
cup and adjacent tissues, in the cutaneous epithelium and 
in the fibres of the optic nerve (Zhukov, 2007). Efferent 
fibres of the retina stained with neurobiotin through the 
contralateral optic nerve, however, did not show 
glutamate-immunoreactivity (Zhukov, 2007). As for 
serotonin, it is one of the most quantitatively significant 
biogenic amines within the CNS of L. stagnalis 
(Hetherington et al, 1994), and the optic nerve and the 
eye are not exceptions. In order to discuss the possible 
origin of the serotoninergic fibrein the optic nerve and to 
compare identified central visual pathways with neurons 
and fibres showing immunoreactivity to serotonin, we 
carried out co-labelling of the CNS in L. stagnalis. 
Zhukov et al (2006) showed that exogenous 
serotonin changes the amplitude of the electroretinogram 
(ERG) and the light sensitivity of the isolated eye in L. 
stagnalis. Eskin & Maresh (1982) reported a similar 
effect for A. californica: application of exogenous 
serotonin, as with an electrical stimulation of the optic 
nerve, increases the amplitude of the ERG and decreases 
the threshold of light sensitivity of the eye. We suggest 
that serotonin somehow affects the photoreceptors or 
probably secondary neurons in case there are some in the 
retina of L. stagnalis (Zhukov et al, 2006). Such 
secondary neurons were found in the eye of A. 
californica (Jacklet et al, 1982), but have not yet 
unambiguously been identified in the eye of L. stagnalis. 
Our study revealed that at least one 5-HT-ergic 
fibreis located in the optic nerve and that it forms 
numerous arborizations in the eye cup. At least one 
branch penetrates the nuclear layer of the retina and 
forms some arborizations there. Unlike with PDH and 
glutamate (Zhukov, 2007), no serotoninergic cell bodies 
were found in the eye or in the optic nerve. There are, 
however, peripheral cells that can be revealed by 
retrograde transport of neurobiotin (Tuchina et al, 2012) 
in the TOLm-complex, the complex of the nerves n. 
tentacularis, n. opticus and n. labialis minor, which is 
surrounded by a common sheath and likely permits the 
exchange of some fibres. The serotoninergic fibre does 
not end in the optic neuropil, but proceeds further to the 
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centre of the ganglion, allowing us to suggest that it 
belongs to some central neuron, probably originating 
from the cerebral ganglia. Both fibres—one coming from 
the contralateral nerve and backfilled with neurobiotin, 
and another that shows the immunoreactivity to 
serotonin—have different topographies in the optic nerve. 
We therefore suggest that these two fibres belong to 
different central neurons. Thus, the serotoninergic fibreis 
supposed to be efferent and to form extensive varicosities 
in the optic nerve, which can be the location for the 
release of a neurohormone. 

As for the other ganglia of the CNS, neither 
Audesirk (1985) nor Hetherington et al (1994) were able 
to reveal any serotoninergic cell bodies in the pleural and 
left parietal ganglia, and we did not either. We did 
however describe many fibres of different types we in 
detail for the first time. The pleural ganglia seem to be 
intermediate points for serotoninergic neurons; huge 
varicosities, formed by serotoninergic fibres in these 
ganglia, can be places for the release of neurohormones. 
Almost all fibres, which were labeled in the left pallial 
nerve, come from the direction of the visceral ganglion 
and, possibly, the right parietal ganglion. Clusters of cells 
in the visceral and right parietal ganglia were identified 
earlier (Audesirk, 1985; Hetherington et al, 1994). 
Groups of serotoninergic cells in the right parietal 
ganglion probably belong to the clusters A and B 
(nomenclature according to Benjamin & Winlow, 1981). 
Neurons, which were filled with neurobiotin in the right 
parietal and visceral ganglia during retrograde transport 
through the optic nerve, do not show immunoreactivity 
to serotonin but may be part of the cell cluster, backfilled 
through the n. pallialis sinister and n. intestinalis. 

FMRF-immunoreacive neurons and fibres are 
usually present in all of the ganglia in the molluscan 
CNS, including the buccal ones. These neurons have a 
tendency to form groups, at least in the cerebral and 
pedal ganglia, where it is thought that they act as 
neurohormone and neuromodulator producers (Ebberink et 
al, 1987; Cottrell & Bewick, 1989; Lopez-Vera et al, 2008). 

Concerning the function of FMRF-amide in 
gastropods, stimulatory effects on the frequency and 
amplitude of the heart beat in various molluscan species 
and affects the work of other muscles have been 
demonstrated (Greenberg and Price 1979, 1980). The 
abundance of FRMF-amide in the gastropod’s nervous 
system suggests that neuropeptides are evolutionarily 
ancient molecules (Schot & Boer 1982). Further 
research will be required to more fully explain the 
development of neuropeptides. 

A map of FMRF-amide immunoreactive neurons in 
the CNS of L. stagnalis was created by Schot & Boer 
(1982), who revealed FMRF-amidergic neurons and 
fibres in all ganglia and all nerves, including the optic 
ones. Neurons, labeled in the buccal, cerebral, pedal and 
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pleural ganglia, seem to have symmetrical locations on 
the left and right sides of the nervous system. We 
revealed many more neurons in the cerebral ganglia, 
especially in the region of the mesocerebra. Clusters of 
cells on the dorsal surface of the cerebral ganglia are 
located a bit more caudally than the serotoninegric ones. 
In the right parietal and visceral ganglion, FMRF- 
amide-immunoreactive cells form groups, which were 
described earlier (Schot & Boer, 1982). Some stained 
fibres, for example, in the tentacular nerve, likely belong 
to the small group of neurons, located near the place 
where the tentacular nerve enters the ganglion. Our 
immunocytochemical studies revealed FMRF-amidergic 
fibres with varicoses in the eye and the optic nerve of L. 
stagnalis, as well as in B. gouldiana and A. californica, 
but these fibres likely belong to the central neurons and 
are efferent projections of the eye. We failed to reveal 
which neuronal bodies these FMRF-amidergic fibres in 
the optic nerves belong to. 
FMRF-amide-immunoreactivity was identified in 
the CNS and particularly in the optic nerve of L. 
stagnalis (Schot & Boer, 1982), as well as the optic 
nerves and eyes of B. gouldiana and A. californica 
(Jacklet et al, 1987; Roberts et al, 1989). Block et al 
(1986) and Michel et al (2002) showed that exogenous 
FMRF-amide at micromolar concentrations suppresses 
ongoing compound action potential activity (CAP) in the 
isolated eye of Bulla, but does not suppress the ERG or 
phase shift of the circadian rhythm of the CAP. Jacklet et 
al (1987) concluded that FMRF-amide immunoreactive 
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central neurons and their axons provide a pathway for 
efferent modulation of the CAP rhythm, which is 
generated by the retinal pacemaker neurons. In the eye of 
Aplysia FMRF-amide modulates the effects of light and 
of serotonin in connection with the work of the circadian 
oscillator (Colwell, 1990). Stimulation of the isolated 
retina of the eyes of the cephalopod Octopus vulgaris has 
shown that FMRF-amide, coupled with dopamine, 
induces an extreme light adaptation of the retina in 
response to illumination (Chin et al, 1994; Di Cosmo & 
Di Cristo, 1998). 

By pairing morphological studies together with the 
immunocytochemical approach, our study shows that 1) 
serotonin- as well as FMRF-amide-immunoreactive 
neurons are widely distributed in the CNS of Lymnaea; 2) 
serotonin and FMRF-amide are involved in a number of 
networks, perhaps controlling different forms of 
behaviour. i.e. feeding behavior, whole body withdrawal 
response; 3) serotonin and FMRF-amide take part in the 
efferent innervation of the retina. However, the chemical 
nature of neurons connecting both eyes can neither be 
serotoninergic nor FMRF-amidergic. 
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